ARABIDOPSIS THALIANA CYTOCHROME P450 REDUCTASE1 (ATR1) and ATR2 provide electrons from NADPH to a large number of CYTOCHROME P450 (CYP450) enzymes in Arabidopsis (Arabidopsis thaliana). Whereas ATR1 is constitutively expressed, the expression of ATR2 appears to be induced during lignin biosynthesis and upon stresses. Therefore, ATR2 was hypothesized to be preferentially involved in providing electrons to the three CYP450s involved in lignin biosynthesis: CINNAMATE 4-HYDROXYLASE (C4H), p-COUMARATE 3-HYDROXYLASE1 (C3H1), and FERULATE 5-HYDROXYLASE1 (F5H1). Here, we show that the atr2 mutation resulted in a 6% reduction in total lignin amount in the main inflorescence stem and a compositional shift of the remaining lignin to a 10-fold higher fraction of p-hydroxyphenyl units at the expense of syringyl units. Phenolic profiling revealed shifts in lignin-related phenolic metabolites, in particular with the substrates of C4H, C3H1 and F5H1 accumulating in atr2 mutants. Glucosinolate and flavonol glycoside biosynthesis, both of which also rely on CYP450 activities, appeared less affected. The cellulose in the atr2 inflorescence stems was more susceptible to enzymatic hydrolysis after alkaline pretreatment, making ATR2 a potential target for engineering plant cell walls for biofuel production.
Economic and environmental concerns have stimulated the production and use of renewable materials and fuels. Plant cell wall biomass has the potential to become a renewable feedstock for processing into chemicals and liquid fuels in the biorefinery (Vanholme et al., 2013b) . Plant cell walls contain polysaccharides (mainly cellulose and hemicelluloses) that can be hydrolyzed into fermentable sugars via enzymatic saccharification. However, the presence of lignin in the cell wall severely hampers the saccharification process (Chen and Dixon, 2007; Van Acker et al., 2013) . As a consequence, lignin must be removed, or at least partially cleaved, using biomass pretreatments that require chemicals and energy, prior to saccharification. These pretreatments contribute a significant cost to the production of cell wall-based biofuels in the biorefinery. Strategies to alter lignin content or composition are promising for reducing the need for and/or costs of pretreatments (Sticklen, 2006; Chen and Dixon, 2007; Weng and Chapple, 2010; Fu et al., 2011; Jung et al., 2013; Van Acker et al., 2013 .
Lignin is a polymer derived from three differentially ring-methoxylated 4-hydroxycinnamyl alcohols called monolignols. The two major monolignols incorporated into the lignin polymer in angiosperms are coniferyl alcohol and sinapyl alcohol, which give rise to guaiacyl (G) and syringyl (S) units, respectively (Fig. 1) . Lignin also incorporates small amounts of p-coumaryl alcohol, which gives rise to p-hydroxyphenyl (H) units. A number of other hydroxyphenylpropanoids, and other phenolic monomers, can be incorporated into the lignin polymer as well (Baucher et al., 1998; Boerjan et al., such as Arabidopsis (Arabidopsis thaliana), poplar (Populus spp.), and alfalfa (Medicago sativa; Bonawitz and Chapple, 2010; Vanholme et al., 2010a) , although additional genes are still being discovered (Berthet et al., 2011; Vanholme et al., 2012b Vanholme et al., , 2013c Zhao et al., 2013; Petrik et al., 2014) .
Starting with Phe, monolignols are synthesized via the general phenylpropanoid-and monolignol-specific pathways (Fig. 1 ). Up to three hydroxylation steps that are catalyzed by specific CYTOCHROME P450 (CYP450) oxidases occur on the aromatic ring; these are the 4-, 3-, and 5-hydroxylations catalyzed by C4H, C3H1, and F5H1 ( Fig. 1 ; Meyer et al., 1996; Franke et al., 2002; Schilmiller et al., 2009) . C4H, C3H1, and F5H1 belong to the class II type CYP450s. Members of this class rely on CYTOCHROME P450 REDUCTASE (CPR) activity to transfer electrons from NADPH either directly to the CYP450s or via CYTOCHROME B5s (CB5s; Ilan et al., 1981; Hannemann et al., 2007; Jensen and Møller, 2010; Im and Waskell, 2011) . Animals and yeast carry only one CPR gene, whereas higher plants often have two or more (Ro et al., 2002) , possibly because of the relatively higher number of CYP450 enzymes in plants. Both CYP450s and CPRs are generally accepted to be localized at the membrane of the endoplasmic reticulum (they occur in a 15:1 ratio in rat liver microsomal membranes; Shephard et al., 1983) , although a number of CPR-requiring CYP450s have been predicted and/or shown to be localized in the chloroplast (Ro et al., 2002; Bak et al., 2011) . Figure 1 . General phenylpropanoid-and monolignol-specific pathways and metabolic map of the changes in phenolic metabolism in atr2 mutant stems. The main route toward lignin (i.e. the general phenylpropanoid-and monolignol-specific pathway) is marked with a gray background. Metabolites that accumulate in atr2 mutants are marked in red, and those that decrease in atr2 mutants are marked in blue. Metabolic routes that are active in stems of wild-type plants are given in black. Metabolic routes of which the metabolites are near or below the detection limit in wild-type plants but detected in atr2 mutants are given in gray. Metabolites that are below the detection limit in both wild-type and mutant plants are indicated with daggers. The three CYP450s are marked in orange. PAL, PHENYLALANINE AMMONIA LYASE; C4H, CINNAMATE 4-HYDROXYLASE; 4CL, 4-COUMARATE:COENZYME A LIGASE; HCT, p-HYDROXYCINNAMOYL-COENZYME A:QUINATE SHIKIMATE p-HYDROXYCINNAMOYLTRANSFERASE; C3H, p-COUMARATE 3-HYDROXYLASE; CSE, CAFFEOYL SHIKIMATE ESTERASE, CCoAOMT:CAFFEOYL-COENZYME A O-METHYLTRANSFERASE; CCR, CINNAMOYL-COENZYME A REDUCTASE; F5H, FERULATE 5-HYDROXYLASE; COMT, CAFFEIC ACID O-METHYLTRANSFERASE; CAD, CINNAMYL ALCOHOL DEHYDRO-GENASE; HCALDH, HYDROXYCINNAMALDEHYDE DEHYDROGENASE; SGT, SINAPATE 1-GLUCOSYLTRANSFERASE; SST, SINAPOYLGLUCOSE:SINAPOYLGLUCOSE SINAPOYLTRANSFERASE. For each enzymatic step of the general phenylpropanoidand monolignol-specific pathways, specific gene family members are given that largely contribute to lignification in the inflorescence stem (Sibout et al., 2005; Vanholme et al., 2012b ).
Arabidopsis has 244 CYP450 genes and 28 CYP450 pseudogenes (Bak et al., 2011) . In contrast, only three CPR genes have been identified in the Arabidopsis genome. These CPRs are annotated as ARABIDOPSIS THALIANA P450 REDUCTASE1 (ATR1), ATR2, and ATR3 (Urban et al., 1997; Varadarajan et al., 2010) . Of these three genes, ATR1 and ATR2 encode genuine CPR proteins that share 64% amino acid identity, according to The Arabidopsis Information Resource genome annotation version 10. ATR3 has been described as a putative CPR but shares only 25.7% and 24% amino acid identity with ATR1 and ATR2, respectively. Unlike ATR1 and ATR2, recombinant ATR3 was unable to support human CYP1A2, and there is no experimental evidence to date that it can support CYP450s (Varadarajan et al., 2010) . In addition, Arabidopsis has two genes coding for CYTOCHROME B5 REDUCTASE (CBR) proteins. CBR1 is located at the membrane of the endoplasmic reticulum but is mainly involved in electron transport for the biosynthesis of polyunsaturated fatty acids, whereas CBR2 is in the mitochondrial membrane, and there is no evidence yet that it could take part in the endoplasmic reticulum electron transport system (Wayne et al., 2013) .
ATR1 and ATR2 catalyze the same reaction and can reduce C4H in yeast and baculovirus expression systems with the same efficiency (Urban et al., 1997; Mizutani and Ohta, 1998) . Despite this observation, there is clear evidence that ATR1 and ATR2 have distinct functions in the plant. For example, ATR1 is constitutively expressed, whereas ATR2 is induced by wounding and light (Mizutani and Ohta, 1998) . In addition, the expression of ATR2, but not that of ATR1, is correlated with the expression of a number of genes from the phenylpropanoid pathway; microarray analysis of Arabidopsis rosette leaves subjected to cold treatment under high-light conditions displayed a coordinated expression of ATR2 with phenylpropanoid biosynthetic genes such as PAL2, CCR1, and CCoAOMT1 (Soitamo et al., 2008) . Also, transcript profiling of Arabidopsis stems during fiber differentiation showed that expression of ATR2, in contrast to that of ATR1, is coregulated with a set of genes of the general phenylpropanoid-and monolignol-specific pathways, including the three CYP450 genes C4H, C3H1, and F5H1 (Ehlting et al., 2005) .
Given that the ATR enzymes may need to serve up to 244 different CYP450 enzymes in Arabidopsis, it is surprising that one of them, ATR2, is coexpressed with the lignin biosynthetic genes. This coexpression suggests that ATR2 provides electrons preferentially to the three CYP450s of the phenylpropanoid and monolignol biosynthetic pathways, making ATR2 a good target for lignin modification. To test this hypothesis, we studied the consequences of the down-regulation of ATR2 in Arabidopsis on phenolic metabolism, lignin structure, and saccharification potential. As we will show, our data confirm that ATR2 has a role in the lignin biosynthesis pathway and that ATR2 mutation reduces the electron donor activity to the three CYP450s involved in lignin biosynthesis, as indicated by the shift in the phenolic profile and lignin composition. Additionally, the atr2 mutant biomass has improved saccharification efficiency.
RESULTS

ATR2 Is Coexpressed with Lignin Biosynthetic Genes
We have previously investigated the system-wide responses of lignin biosynthesis perturbation in Arabidopsis (Vanholme et al., 2012b) . To this end, a total of 20 mutants, each mutated in a single lignin biosynthetic gene (two mutant alleles for 10 genes), were investigated with transcriptomics and metabolomics (Vanholme et al., 2012b) . This enabled the identification of genes that were coexpressed with known lignin biosynthetic genes and, therefore, that are good candidates to be involved in lignin biosynthesis. Two of the candidates, TRANSALDOLASE2 and CSE, were pathway genes subsequently proven via reverse genetics to be involved in lignification (Vanholme et al., 2012b (Vanholme et al., , 2013c . Reevaluation of the transcriptome data showed that both ATR1 and ATR2 followed a similar expression profile to those of lignin biosynthetic genes at various stages of wild-type Arabidopsis inflorescence stem development (Fig. 2) . Moreover, it is apparent that ATR2, but not ATR1, is coexpressed with lignin biosynthetic genes in the different lignin biosynthesis mutants (Fig. 2) . The potential coexpression of ATR2 and ATR1 with lignin biosynthetic genes was further investigated by quantitative reverse transcription (qRT)-PCR in Arabidopsis seedlings treated with isoxaben. This herbicide impairs cellulose biosynthesis, which in turn induces stress-related processes such as ectopic lignification (Caño-Delgado et al., 2003; Duval and Beaudoin, 2009 ). Wild-type seedlings were grown in liquid cultures for 3 d and subjected to treatment with isoxaben for 6, 24, and 72 h. qRT-PCR analysis showed that the expression levels of PAL1, C4H, C3H1, and HCT, which are genes involved in general phenylpropanoid biosynthesis, and ATR2 were significantly induced after 24 h of isoxaben treatment ( Fig. 3 ). More specifically, a similar increase in expression was observed for PAL1 and ATR2 (i.e. the response was already significant after 6 h of treatment). In contrast, ATR1 expression was not affected by isoxaben treatment (Fig. 3) . These data again show that ATR2 is coexpressed with phenylpropanoid biosynthetic genes.
Growth and Development of atr2 Mutants
To further investigate the role of ATR2 during lignin biosynthesis, we isolated two insertion mutants from the SALK collection, SALK_152766 and SALK_026053 (Alonso et al., 2003) . The transfer DNA (T-DNA) insertions in the ATR2 genes were validated by PCR, and the corresponding mutant alleles were designated atr2-1 and atr2-2, respectively ( Fig. 4 ). Allele atr2-2 contains a T-DNA in the third intron of ATR2, whereas atr2-1 contains a T-DNA in the 12th exon ( Fig. 4 ). Next, ATR2 expression levels in inflorescence stems were determined via qRT-PCR with two sets of primers. Primer set 1 spanned the atr2-1 T-DNA insertion position, and primer set 2 spanned the atr2-2 T-DNA insertion position. The ATR2 transcript levels in atr2-1 and atr2-2 mutants were below the detection limit when measured with the respective T-DNA-spanning primers, proving that the native ATR2 mRNA was absent or close to being absent ( Fig. 4 ). However, residual ATR2 expression was detected in atr2-1 mutants using primer set 2 and in atr2-2 mutants using primer set 1, indicating that residual truncated mRNA fragments of ATR2 were present in the atr2 mutants. The expression levels of ATR1, the constitutive CPR, remained unaltered in both mutant lines, demonstrating that the reduction in ATR2 transcript levels was not compensated by an increased ATR1 expression ( Fig. 4) .
To investigate whether mutation of ATR2 had any effect on growth, the mutants were grown in soil under short-day conditions for 8 weeks and subsequently transferred to long-day conditions. Short-day conditions lead to the development of large vegetative rosettes, which allow the development of a large inflorescence stem upon a shift to long-day conditions. The final height of the atr2-1 mutant was not significantly different from that of the wild type, whereas atr2-2 was 10% smaller at final height ( Fig. 5 ). Analysis of the final dry weight of the main stem revealed 19% and 17% reductions for atr2-1 and atr2-2, respectively, compared with the wild type ( Fig. 5) .
In order to examine potential changes in the morphology of the vascular tissues caused by the mutated ATR2, transverse sections from the bottom part of stems from fully grown but not yet senesced plants were investigated via microscopy. The morphology of the vasculature as well as the lignin was visualized with Wiesner and Mäule staining and via autofluorescence. Neither Figure 2 . Expression of ATR2 follows that of lignin biosynthetic genes (evaluation of data from Vanholme et al. [2012b] ). A, Both ATR1 and ATR2 are coexpressed with lignin biosynthetic genes during inflorescence stem development (at an inflorescence stem height of 8, 16, 24, and 32 cm). The blue line, dark-blue area, and light-blue area indicate average, SD, and spread of the expression, respectively, of the 1,760 probes with a lignin biosynthesis-like expression profile over development (Vanholme et al., 2012b, figure 3 , cluster C). The green line indicates expression of ATR1, and the red line indicates expression of ATR2. R 2 values are average correlation coefficients 6 SD of ATR1 and ATR2 with each of the 1,760 probes with a lignin biosynthesis-like expression profile. B, ATR2, but not ATR1, is coexpressed with genes involved in lignin biosynthesis in lignin mutant backgrounds. The black line, dark gray area, and light gray area indicate average, SD, and spread of the expression, respectively, of the 62 genes with a lignin biosynthesis-like expression profile in the lignin mutants (Vanholme et al., 2012b, figure 9 ). The green line indicates expression of ATR1, and the red line indicates expression of ATR2. R 2 values are average correlation coefficients 6 SD of ATR1 and ATR2 with each of the 62 genes with a lignin biosynthesis-like expression profile (Vanholme et al. 2012b) . To assess the consequences of the mutation of ATR2 at the metabolic level, phenolic profiling of methanolsoluble metabolites was performed via ultra-HPLCmass spectrometry (MS) on inflorescence stems from plants that were around 24 cm tall. This procedure enables the detection of several classes of aromatic compounds, including metabolites of the lignin biosynthetic pathway and derivatives thereof, as well as glucosinolates and flavonols. A total of 1,067 peaks were integrated in the chromatograms of atr2-1, atr2-2, and wild-type samples ( Supplemental Table S1 ). Principal component analysis showed that atr2 mutant samples separated from wild-type samples based on a combination of the first and second principal components (Supplemental Fig. S1 ), indicating metabolic differences between the atr2 mutants and wild-type plants. Univariate statistical analysis was applied to select peaks with significantly different abundances in the atr2 mutants as compared with their levels in wild-type plants. Using stringent filters (i.e. P , 0.01, a 2-fold difference in abundance between mutant and the wild type, and a peak intensity of greater than 500), 71 and 73 peaks were found to be significantly lower in abundance in atr2-1 and atr2-2, respectively, of which 61 were in common (Supplemental Fig. S1 ; Supplemental Table  S2 ); 184 and 229 peaks were found to be significantly higher in abundance in atr2-1 and atr2-2, respectively, of which 177 were in common (Supplemental Fig. S1 ; Supplemental Table S2 ). The relatively high fraction of differential peaks that were shared by both mutants indicates that most of the detected differential peaks can be attributed to the defective ATR2 gene.
Further analysis showed that the 61 peaks that were significantly lower in abundance in both atr2 mutants could be assigned to 47 compounds ( Supplemental Table  S3 ), of which 30 could be structurally characterized based on their mass-to-charge ratio (m/z), retention time, and tandem mass spectrometry (MS/MS) fragmentation spectrum (Table I ; Supplemental Fig. S2 ). Twenty-six of these 30 characterized compounds belonged to the classes of oligolignols, hexosylated oligolignols, Figure 4 . Characterization of atr2 T-DNA insertion mutants. A, Representation of the ATR2 genomic structure. Exons are represented as black boxes and introns as gray lines. The T-DNA insertion sites for the two alleles atr2-1 and atr2-2 are indicated by triangles. The orientation of each T-DNA is indicated by a black arrow pointing in the direction of the left border. The primers used to confirm the mutants are represented as gray arrows. The numbers of the primers correspond to those given in "Materials and Methods." UTR, Untranslated region. B, Expression analysis of ATR1, ATR2, PAL1, PAL2, C4H, C3H1, and F5H1 in atr2-1 and atr2-2 mutants and the wild type as determined via qRT-PCR. Two primer pairs were used to determine the expression of ATR2. Primer sets 1 (i.e. primers 17 and 18) and 2 (i.e. primers 15 and 16) spanned the atr2-1 and atr2-2 T-DNA insertion positions, respectively. For each gene tested, the relative expression was normalized to the one of the wild type. nd, Signal below detection limit. *0.05 . P . 0.01, ***P , 0.001. Figure 5 . Phenotypic characterization of atr2 mutants. A, Phenotype of fully grown plants after 8 weeks of short-day growth conditions followed by 5 weeks of long-day growth conditions. B, Growth curves. Height was monitored every 2 d. At the final stage, atr2-2 was significantly smaller compared with the wild type. C, The main inflorescence stem of atr2-1 and atr2-2 showed reduced weight compared with that of the wild type. For B and C, error bars represent SE. *0.05 . P . 0.01, **0.01 . P . 0.001, ***P , 0.001. D, Transverse stem sections of atr2 mutants and the wild type. Mäule and Wiesner staining and lignin autofluorescence are shown. If, Interfascicular fibers; Xy, xylem. Bars = 100 mm. or G(8-O-4/8-5)phenylpropenoic acids/esters. As all of these compounds had at least one G unit, their reduced abundance indicated that the flux toward coniferyl alcohol was reduced in the atr2 mutants. In addition, the abundances of two aliphatic and two indolic glucosinolates (3-methyl sulfinyl glucosinolate, 2-hydroxy-3butenylglucosinolate, indol-3-yl methylglucosinolate, and 4-hydroxyindol-3-yl-methylglucosinolate) were lower in both atr2 mutants. Because several CYP450-dependent reactions are involved in the biosynthesis of these glucosinolates from their precursor amino acids (Supplemental Fig. S3 ), the reduced abundance in the atr2 mutants could be a direct result of the lost CYP450 activity. On the other hand, the biosynthesis of all other glucosinolates also relies on two or more CYP450-dependent reactions, but only the four glucosinolates mentioned above were retrieved in the list of compounds with reduced abundance. To investigate if the other glucosinolates could have been missed due to the stringent filters (P , 0.01 and 2-fold difference), a targeted search for aliphatic and indolic glucosinolates was performed (Supplemental Fig. S3 ). However, no general tendency for a reduced abundance of aliphatic or indolic glucosinolates was apparent, indicating that the effect of atr2 mutation on the CYP450s active in the glucosinolate pathways was moderate or nonexistent or, potentially, only secondary.
Similar to glucosinolate biosynthesis, two CYP450s (C4H and FLAVONOID-3'-HYDROXYLASE) are involved in the biosynthesis of flavonol glycosides (Supplemental Fig. S3 ), so a reduction in the abundance of flavonol glycosides could be anticipated in atr2 mutants. However, a targeted search showed that kaempferol glycosides were not differentially abundant between atr2 and the wild type (Supplemental Fig. S3 ). There was a tendency for lower quercetin and isorhamnetin glycoside levels (the levels were about 63%-85% in atr2 mutants as compared with those in the wild type), but these reductions were only significant (P , 0.05) in atr2-1 and not in atr2-2 (Supplemental Fig. S3 ).
The 177 peaks that were higher in abundance in both atr2 mutants as compared with wild-type plants could be assigned to 117 compounds ( Supplemental Table S2 ), of which 63 could be structurally characterized (Table  II ; Supplemental Fig. S2 ). Many of these compounds were below the detection limit in wild-type samples and only observed in the atr2 mutants (Table II ; Supplemental Table S1 ). All identified compounds could be classified into one of the following metabolic classes: phenylpropanoids, benzenoids, oligolignols, hexosylated oligolignols, or H(8-O-4/8-5)phenylpropenoic acids/esters. The majority of the identified phenylpropanoids were esters or hexosides of p-coumaric acid, ferulic acid, or caffeic acid. p-Coumaric acid and p-coumaroyl shikimate, the substrates of the C3H1/C4H complex and C3H1, respectively, were either not or barely detectable in the wild type but accumulated in the atr2 mutants. Similarly, cinnamic acid and coniferaldehyde, the in vivo substrates of C4H and F5H1, respectively, were only detected in atr2 mutants and not in the wild type. The benzenoids that accumulated in atr2 mutants all contained benzoic acid or p-hydroxybenzoic acid moieties and were most likely derived via chain shortening of cinnamic and p-coumaric acids (Hertweck et al., 2001; Boatright et al., 2004) .
All accumulating oligolignols, hexosylated oligolignols, and H(8-O-4/8-5)phenylpropenoic acids/esters contained at least one H unit. This observation indicates a severe increase in the flux toward p-coumaryl alcohol (i.e. the precursor of H units) in atr2 mutants. In some cases, the phenylpropenoic acid/ester moiety in the H(8-O-4/8-5)phenylpropenoic acids/esters class was derived from p-coumaric acid. This observation is in line with the increased amount of p-coumaric acidcontaining phenylpropanoids in atr2 mutants and indicative of an increased flux toward p-coumaric acid or a reduced consumption of this metabolite. Fully senesced stems of wild-type plants and the atr2 mutants were evaluated for lignin content and composition. Soluble compounds were removed from these stems by applying a sequential extraction to produce cell wall residues (CWRs; Jarvis et al., 2000; Van Acker et al., 2013) . For both atr2 mutants and the wild type, the proportion of CWR relative to the dry weight of the stem was similar at approximately 80% (Table III) .
The total lignin amount present in these prepared CWRs was estimated by the spectrophotometric acetyl bromide assay. In this method, the cell wall polymers are derivatized by acetyl bromide and dissolved in acetic acid. A reduction in lignin content of 6% was detected in both atr2-1 and atr2-2 (Table III) .
Senesced stem material of both mutant lines was analyzed further for potential changes in lignin composition. This was first done by thioacidolysis, a procedure that comprises cleavage of the b-O-4-ether bonds of the lignin polymer to release hydroxyphenyl-trithioethyl ether monomers, followed by derivatization for subsequent identification and quantification by gas chromatography coupled to MS. Thioacidolysis showed significant changes in lignin composition in both atr2 lines, with H units increasing up to 16-fold (Table III) . Thioacidolysis-released S units decreased significantly by 35% and 41% in atr2-1 and atr2-2 (Table III) . Levels of thioacidolysis-released G units were significantly reduced by 13% for the atr2-2 line compared with the wild type based on CWR (Table III) . A similar decrease in thioacidolysis-released G units was also measured for atr2-1 but was not significant below the 0.05 P value threshold (P = 0.06). Consequently, reductions in the S/G ratio by 32% and 25% were observed for atr2-1 and atr2-2, respectively. The degree of lignin condensation inversely correlates with the sum of H, G, and S units released from the lignin by thioacidolysis. This sum was not significantly different from that of the wild type (Table III) .
Changes in both lignin aromatic and side chain regions were further revealed by applying two-dimensional 1 H-13 C correlation heteronuclear single quantum coherence (HSQC) NMR on whole-plant cell wall samples of the wild type and the atr2 mutants prepared from senesced main stems ( Fig. 6; Supplemental Fig. S4 ). In contrast to thioacidolysis, which determines the composition of units linked only by ether bonds, NMR analysis of the aromatic region allows the investigation of all monomers irrespective of their mode of linkage. In addition, interunit linkage types can be determined by use of the aliphatic region of the spectrum. Compared with the wild type, the fraction of H units in the lignin of atr2 mutants was increased about 10-fold (Fig. 6 ). The relative fraction of G units was not significantly different, but the relative fraction of S units was reduced in atr2 mutants by almost 60% compared with the wild type. Accordingly, the S/G ratio decreased significantly from 0.31 in the wild type to 0.13 and 0.11 in the atr2-1 and atr2-2 mutants (Fig. 6 ). The HSQC spectrum fully resolved correlations for the b-aryl ether (b-O-4), phenylcoumaran (b-5), and resinol (b-b) units. The b-syringyl ether linkages, (b-O-4)S, were reduced, reflecting the lower S unit content, whereas those linkages in which the aryl moiety is an H or G unit, (b-O-4)H/G, were seemingly not affected (Fig. 6) . Table I . Metabolites with a reduced abundance in atr2 mutants An overview of the identified compounds of which the abundance was lower in the atr2-1 and atr2-2 mutants is given. For each compound, average peak areas of wild-type and atr2 mutant samples are given. For the structural elucidation of the compounds, see Supplemental Table S2 and Supplemental Figure S2 . No An overview of the identified compounds of which the abundance was higher in the atr2-1 and atr2-2 mutants is given. For each compound, average peak areas of wild-type and atr2 mutant samples are given. Infinity (inf) is given when a compound is below detection limit in the wild type. For the structural elucidation of the compounds, see Supplemental Table S2 and Supplemental Figure S2 . No 
Transcriptional Feedback on CYP450s Involved in Lignin Biosynthesis
To investigate the possible feedback caused by ATR2 deficiency (and the concomitant shifts in phenolic metabolism) on the transcript levels of the ligninassociated CYP450s, the expression of C4H, C3H1, and F5H1 in inflorescence stems was investigated via qRT-PCR (Fig. 4B ). In addition, expression levels of PAL1 and PAL2 were used as controls, as these are not CYP450encoding genes but also involved in lignin biosynthesis. No significant differences were observed in the levels of the measured transcripts between the atr2-1 mutant and the wild type. In the atr2-2 mutant, C3H1 expression was significantly increased as compared with the wild type (P = 0.049), and the expression of PAL2 and C4H was on the border of being increased significantly, with P values of 0.059 and 0.064, respectively.
atr2 Mutant Biomass Is Easier to Saccharify Lignin content and composition generally have an impact on cell wall digestibility. Because atr2 mutants have reduced lignin levels and shifts in lignin composition compared with the wild type, we investigated the saccharification of senesced atr2 mutant stems. First, the cellulose content of the prepared CWRs was determined by the Updegraff method. In this method, the crystalline cellulose polymer that remains after acetic and nitric acid treatment is broken down to Glc by sulfuric acid; the amount of released Glc is determined spectrophotometrically after derivatization with anthrone. No significant changes in crystalline cellulose levels were detected in the atr2 mutant lines when compared with the wild type (Table III) . Saccharification measures the amount of Glc released from the enzymatic breakdown of cellulose present in the plant cell wall. The applied procedure included either no pretreatment or an alkaline (6.25 mM NaOH) pretreatment to loosen the cell wall components, thereby facilitating access of the enzymes to the cell wall polysaccharides. The released Glc was measured after 3, 7, 24, and 48 h. Without pretreatment, a significantly reduced Glc release was observed after 3 h of saccharification for both atr2 mutants and after 7 h for atr2-1 only. However, after 48 h of saccharification, atr2-2 released more Glc than the wild type. The cellulose-to-Glc conversion improved strikingly after alkaline pretreatment; after 24-and 48-h incubation times, 26% and 27% improvements were reached in atr2-1 and atr2-2, respectively, as compared with the wild type (Fig. 7) .
DISCUSSION
ATR2 Is Involved in Lignification
ATR2-deficient plants have 6% less lignin with a different composition compared with wild-type plants (Table III; Fig. 6 ). The composition of lignin has traditionally been an important clue in determining at which position in the pathway the gene in question is acting. A relative increase in H units has been reported in plants in which the flux from p-coumaroyl-CoA to caffeoyl-CoA and caffeic acid was disturbed (i.e. in plants with reduced HCT, C3H, and/or CSE activity; Abdulrazzak et al., 2006; Ralph et al., 2006 Ralph et al., , 2012 Coleman et al., 2008; Vanholme et al., 2013c; Bonawitz et al., 2014) . The 10-to 15-fold increase in H units in atr2 mutants (Table III; Fig. 6 ), therefore, is likely a direct result of reduced C3H1 activity because of the compromised ATR electron transfer. In addition, the lignin in atr2 mutants has a reduced S/G ratio (Fig. 6) . Commonly, plants with a lower flux toward coniferaldehyde (e.g. c4h, 4cl1, c3h1, and ccoaomt1) have lignin with higher S/G ratios, because the remaining flux through the pathway is preferentially used by the rate-limiting enzyme F5H1 and not by cinnamyl alcohol dehydrogenase (Meyer et al., 1996; Van Acker et al., 2013; Bonawitz et al., 2014; Wang et al., 2014) . Thus, the reduced S/G ratio in atr2 mutants strongly suggests that the F5H1 activity is also negatively affected by reduced ATR2 activity (Fig. 6 ).
Mutation of ATR2 Causes Widespread Changes in Aromatic Metabolism
Phenolic profiling of the atr2 mutants revealed large differences in the metabolite pool compared with the wild type. Previously, it has been shown that lignin mutants display changes in their phenolic metabolome and that they commonly accumulate the substrate of the deficient enzyme or derivatives thereof (Vanholme et al., 2012b (Vanholme et al., , 2013c . In particular, c4h Arabidopsis mutants accumulate cinnamic acid (Schilmiller et al., 2009) , c3h1 Arabidopsis mutants and C3H downregulated poplar accumulate p-coumaroyl shikimate (Coleman et al., 2008; Bonawitz et al., 2014) , and mutants in F5H1 accumulate coniferaldehyde (Vanholme et al., 2012b) . In the atr2 mutants, cinnamic acid, p-coumaroyl shikimate, and coniferaldehyde were all significantly higher in abundance compared with the wild type ( Fig. 1 ; Table II ). The accumulation of these compounds can be linked directly to the role of ATR2 in serving electrons to C4H, C3H1, and F5H1.
The accumulating phenylpropanoids and benzenoids in atr2 mutants were derivatives of p-coumaric, caffeic, ferulic, and sinapic acids (Table II) . Most of them were detected in their hexosylated or malated form. Hexosylation occurred as 9-O-esters, as 3/4-O-hexosides, or both. Hexosylation and malation of accumulating phenylpropanoids have been suggested as either a strategy for the plant to detoxify potentially harmful metabolites or a passive process wherein accumulating phenylpropanoids serve as surrogates for the wild-type substrates (Vanholme et al., 2010b) . Accumulating metabolites have been commonly detected when individual steps of the lignin biosynthetic pathway were perturbed. It has been shown that c4h mutants accumulate metabolites derived from cinnamic acid and ferulic acid (Vanholme et al., 2012b) , f5h1 mutants accumulate metabolites derived from ferulic acid (Vanholme et al., 2012b) , and plants with strongly reduced C3H1 activity have increased levels of p-coumaric acid-derived metabolites (Bonawitz et al., 2014) . The accumulation of p-coumarates, caffeates, and ferulates and their benzenoid derivatives in atr2 mutants are a logical consequence of the reduced activity of C4H, C3H1, and F5H1.
Sinapate esters such as sinapoyl malate and sinapoyl hexose are known to protect wild-type Arabidopsis against harmful UV-B radiation and, therefore, are mainly localized in the epidermis (Chapple et al., 1992; Landry et al., 1995) . Paradoxically, sinapate esters accumulated in the atr2 mutants (Table II) , whereas f5h1, c3h1, and c4h mutants have been reported to have fewer sinapate esters (Franke et al., 2002; Vanholme et al., 2012b) . This observation might logically be explained by the fact that ATR2 electron donation is important for lignifying cells, but epidermis cells that accumulate sinapate esters do not lignify. Therefore, it is possible that the mutation in ATR2 has no negative effect on the F5H1 activity in the epidermis; electrons might be supplied to C4H, C3H1, and F5H1 by the constitutive ATR1 in this cell type for the biosynthesis of sinapate esters.
In addition to phenylpropanoid and lignin biosynthesis, several other pathways rely on CYP450 enzymes. For instance, cyp79f1 mutants and Arabidopsis plants down-regulated for CYP79F1 have reduced levels of short-chain aliphatic glucosinolates (Hansen et al., 2001; Chen et al., 2003) , cyp79f2 mutants were affected in the biosynthesis of long-chain aliphatic glucosinolates , and cyp83a1 mutants have reduced levels of both short-and long-chain aliphatic glucosinolates (Hemm et al., 2003) . The cyp79b1, cyp79b2, cyp83b1, and cyp81f2 mutants and the cyp79b1 cyp79b2 double mutant have reduced levels of indolic glucosinolates (Zhao et al., 2002; Naur et al., 2003; Bednarek et al., 2009 ). In addition, c4h and f39h mutants have less flavonol glycosides (Schoenbohm et al., 2000; Vanholme et al., 2012b) . On the other hand, c3h1 mutants accumulate flavonoid glycosides, but this has been attributed to a stress-induced synthesis and not metabolic overflow (Abdulrazzak et al., 2006; Bonawitz et al., 2014) . However, a targeted phenolic profiling revealed that a mutation of ATR2 had only moderate effects on the abundance of glucosinolates and flavonol glycosides (Supplemental Fig. S3 ). Again, this indicates that ATR2 has a preferential role in lignin biosynthesis in Arabidopsis. However, this does not rule out the possibility that ATR2 activity is needed for glucosinolate and flavonol synthesis in other cell types or during stress.
The differences in lignin composition and phenolic metabolite levels between the atr2 mutants and wildtype plants can logically be explained by lower C4H, C3H1, and F5H1 activities in the atr2 mutants. The ability of ATR2 to donate electrons to C4H was already proven in vitro in yeast and baculovirus expression systems (Urban et al., 1997; Mizutani and Ohta, 1998) . Here, we provided in planta evidence for this interaction. To exclude that these reduced activities were due to a lower expression of the corresponding genes, we determined the expression levels of C4H, C3H1, and F5H1 in the inflorescence stem of atr2 mutants. The expression levels of these genes were not reduced in the atr2 mutants as compared with the wild type. In contrast, the expression of C3H1 was significantly higher in atr2-2 and the expression of C4H was on the border of being Figure 6 . NMR lignin characterization. A, Two-dimensional HSQC NMR spectra of the lignin aromatic region of senesced stem material from the wild type, atr2-1, and atr2-2. The volume integrals of the S2/6, G2, and H2/6 contour peaks, when scaled (by 2 for G), represents the quantity of each monomer. B, Overview of the relative amounts of the different monolignol-derived units and the S/G ratio as determined from the HSQC aromatic region. C, Overview of the relative amount (as determined by uncorrected volume integrals) of interunit linkage types (b-O-4, b-5, and b-b) as determined from the HSQC side chain region (for the spectra of the side chain regions, see Supplemental Fig. S4 ). **0.01 . P . 0.001, ***P , 0.001; n = 3. significantly higher (Fig. 4B) . These data indicate that the reduced C4H, C3H1, and F5H1 activities are not the result of reduced gene expression. More likely, the reduced C4H, C3H1, and F5H1 activities are caused by the compromised electron-donating capacities of CPRs in the atr2 mutants. Notably, our results do not exclude the possibility that C4H, C3H1, and F5H1 activities were reduced via a posttranscriptional mechanism (e.g. on the protein activity level, where particular accumulating phenolics would act as inhibitors of the CYP450s).
Mutation of ATR2 Has Modest Effects on Plant Growth
Fully grown atr2-2 plants were only slightly smaller at final height than their wild-type counterparts, whereas atr2-1 was similar in size ( Fig. 5) . However, the reduction in dry weight of the main inflorescence stem in both atr2 mutants showed that normal plant development was affected (Fig. 5) . A reduction in biomass has been observed previously in Arabidopsis plants with reduced lignin levels (e.g. in c4h, c3h1, cse, and ccr1 mutants; Jones et al., 2001; Franke et al., 2002; Do et al., 2007; Schilmiller et al., 2009; Van Acker et al., 2013; Vanholme et al., 2013c) . Several hypotheses have been put forward to explain the growth penalty of lowlignin plants, of which some were proven (Bonawitz and Chapple, 2013) . For example, a reduced amount of lignin results in weaker vessel cell walls and, in extreme cases, in vessel collapse, which in turn affects the transport of water and solutes (Turner and Somerville, 1997; Yang et al., 2013) . Strengthening the cell walls of c4h mutants by vessel-specific expression of C4H could restore the growth phenotype, even though overall lignin levels were still reduced compared with the wild type (Yang et al., 2013) . It was also recently discovered that the transcriptional coregulatory complex, Mediator, is a key component for mediating the plant's response commonly associated with lignin biosynthesis reduction (stunted growth and less lignin). Mutation of genes encoding components of the Mediator complex resulted in a partial reversion of the growth penalty of c3h1 mutants (Bonawitz et al., 2014) . We have not observed any deformation of cell walls in atr2 mutants (Fig. 5 ), but as ATR2 affects the functioning of C3H1, it is possible that the atr2 mutation triggers the Mediator-regulated transcriptional cascade, resulting in reduced biomass.
Because Arabidopsis has 244 genes encoding CYP450s, it is striking that atr2 mutants did not display stronger morphological defects. ATR1 and ATR2 are the only known genes in Arabidopsis for which the corresponding proteins have genuine CPR activity, meaning that they have the ability to transfer electrons from NADPH to CYP450s. It has been reported that ATR1 is constitutively expressed whereas ATR2 is mainly induced by wounding and light (Mizutani and Ohta, 1998) . We further note that ATR2, but not ATR1, expression is inducible in seedlings treated with isoxaben, a cellulose inhibitor that induces several processes, including ectopic lignification (Fig. 3 ). The differences in ATR1 and ATR2 expression were also apparent after reevaluation of published data (Fig. 2) . That ATR1 appears to be constitutively expressed suggests it to be partially redundant with ATR2 function, and this may explain the absence of strong morphological defects in atr2 mutants. However, we cannot rule out the possibility that the truncated ATR2 transcripts detected in both atr2 mutant alleles (Fig. 4) still provide leaky ATR2 activity and that a full knockout would have revealed stronger phenotypes, as was the case, for example, for the allelic c4h mutant series (Schilmiller et al., 2009) . Taken together, our results support the hypothesis that ATR1 provides CPR activity constitutively, fulfilling the need for electrons in most cell types during development, and that ATR2 is induced in cases where additional CPR activity is needed that cannot be fulfilled by ATR1 alone (e.g. during lignification).
ATR2 Homologs as Targets to Improve Saccharification in Crops
The presence of lignin in the cell wall physically hinders the enzymatic hydrolysis of cellulose into Glc (Alvira et al., 2010) . The saccharification efficiency can be improved by applying a pretreatment to render the cellulose more accessible to cellulases. Different pretreatments have specific effects on the cell wall material (Mosier et al., 2005; Carvalheiro et al., 2008; Alvira et al., 2010) . We have tested alkaline (NaOH) pretreatment prior to the saccharification of cell wall material of wildtype plants and atr2 mutants and compared it with the saccharification efficiencies of cell walls without pretreatment. Although no improvement in saccharification efficiency was observed without pretreatment, a 26% to 27% increase in cellulose-to-Glc conversion was observed with alkaline-pretreated atr2 mutants stems (Fig. 7) . The improved saccharification of atr2 mutant biomass may be explained by the reduced lignin content but also by the alterations of the lignin structure. Enrichment in p-coumaryl alcohol results in shorter lignin polymers because the H units tend to stop the polymerization process (Russell et al., 2006; Ziebell et al., 2010; Vanholme et al., 2012a Vanholme et al., , 2013a . This is supported by the identity of the oligolignols that accumulated in the atr2 mutant: they all had a terminal H unit, in most cases b-O-4 linked to a G unit (Table II) . Shorter lignins will be more easily extracted during the alkaline pretreatment.
Besides ATR2, other members of the electron transport chain also might become targets for cell wall engineering. It was apparent from Vanholme et al. (2012b) that there is at least one CB5 coexpressed with lignin biosynthetic genes in a similar way to ATR2. Another CB5 has been shown by tandem affinity purification to interact with C4H in Arabidopsis cell cultures grown under standard conditions and under conditions inducing differentiation to tracheary elements (Bassard et al., 2012) . Functional analysis of these CB5s will shed further light on their putative role as electron donors of the CYP450s involved in lignification.
In conclusion, ATR or other components of the CYP450 electron chain such as CB5s may become interesting candidates for the genetic engineering of lignocellulosic crops if the yield penalty can be overcome (e.g. by vesselspecific complementation or by engineering the Mediator complex; Yang et al., 2013; Bonawitz et al., 2014) .
MATERIALS AND METHODS
Plant Material
Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines of ATR2 (At4g30210), SALK_152766 and SALK_026053, were ordered from the Nottingham Arabidopsis Stock Centre and called atr2-1 and atr2-2, respectively. Homozygous lines were screened by PCR using two primer combinations to distinguish heterozygous lines from homozygous ones: for the presence of the atr2-2 allele, 59-CTCGTTTGGAGGAGATCCG-39 (primer 1) and 59-GCCCTTTGACGTTGGAGTC-39 (primer 2), and for the absence of the atr2-2 allele, primer 1 and 59-CATCTC-CATATCTACATCCAG-39 (primer 3); for the presence of the atr2-1 allele, primer 2 and 59-GTGGAACACACTCCCTTATG-39 (primer 4), and for the absence of the atr2-1 allele, primer 4 and 59-CACACCAATCAGCAGCTCAC-39 (primer 6).
Isoxaben Treatment
Seeds were germinated in 25 mL of liquid Murashige and Skoog medium (0.53 Murashige and Skoog medium + 1% [w/v] Glc, pH 5.7), and seedlings were grown in a 16-/8-h light/dark cycle at 21°C with gentle agitation (130 rpm). After 3 d, isoxaben dissolved in dimethyl sulfoxide (DMSO) was added (80 nM final concentration), and the same amount of DMSO was also added to the control. Twenty seedlings per repeat were harvested at 0, 6, 24, and 72 h after isoxaben addition.
qRT-PCR Analysis of Stems and Seedlings
To determine the transcript levels in the atr2 mutants, the basal 2 cm of the inflorescence stems was sampled from plants with a height of about 24 cm. Total RNA of seedlings and stem material was prepared using the RNeasy Plant Mini Kit (Qiagen). The RNA from the seedlings was treated with RQ1 RNase-Free DNase (Promega), and the RNA from stems was treated with DNA-free (Ambion) to remove traces of genomic DNA. Subsequent complementary DNA preparation was done using the iScript cDNA Synthesis Kit (Bio-Rad). Relative expression levels were determined with the LightCycler 480 Real-Time SYBR Green PCR System (Escoubas et al., 1995) . For qRT-PCR of seedlings, CYCLIN-DEPENDENT KINASE A1 (At3g48750) was used as the reference gene, whereas for qRT-PCR of stem material, the gene encoding S-adenosyl-L-Met-dependent methyltransferases superfamily protein (At2g32170) was used. To measure ATR2 expression in the experiment performed on seedlings, primers 13 and 14 were combined, while for the experiment performed with stem material, primer combinations 15/16 (primer set 2) and 17/18 (primer set 1) were used. Primers are listed in Supplemental Table S3 .
Plant Growth and Harvest
Plants were randomized and germinated in short-day conditions (21°C, 9 h of light, 120 mE s 21 m 22 ; 18°C, 15 h of darkness) on soil in pots 5.3 cm wide 3 5.5 cm high. Plants were moved to long-day conditions (16-/8-h light/dark cycle) after 8 weeks to allow bolting. For metabolomics, plants were grown until the stem reached 22 to 26 cm in height. The bottom 10 cm of the main stem was then harvested, frozen in liquid nitrogen, and deprived of all side branches. For saccharification and cell wall compositional analyses, plants were grown until full senescence. The bottom 15 cm of the main stem was harvested and analyzed. For microscopy, stems of fully grown but not yet senesced plants were used.
Microscopy
The bottom 2 cm of inflorescence stems was embedded in 7% (w/v) agarose. Using a vibratome from Campden Instruments, slices 100 mm thick were made and stained as described by Rohde et al. (2004) with slight modifications: Wiesner staining was performed with a drop of a mixture of 1 g of phloroglucinol (Sigma-Aldrich) in 100 mL of 95% (v/v) ethanol and 16 mL of 37% (v/v) HCl. For Mäule staining, the samples were incubated for 5 min in 1% (w/v) KMnO 4 , and after rinsing with water, the samples were incubated in 37% (v/v) HCl, after which a drop of NH 4 OH was added to the sample. Images were taken with an Axioskop 2 (Zeiss) microscope. The photographs showing lignin and chlorophyll autofluorescence were taken with an LSM 710 (Zeiss) microscope. The fluorescence signal for lignin was 410 nm with filter 420 to 635 nm, and the fluorescence signal for chlorophyll was 470 nm with filter 650 to 755 nm.
Metabolomics
Approximately 50 mg of frozen ground stem tissue was extracted at room temperature by shaking with 500 mL of methanol. After centrifugation, the supernatant was transferred to new tubes and lyophilized. The pellet was resuspended in equal volumes of cyclohexane and ultrapure water (approximately 50 mL each) such that the portion of initially used stem tissue was 1 mg mL 21 aqueous phase. After vortexing, samples were centrifuged, and the aqueous phase was transferred to vials for injection of 15 mL onto the ultra-HPLC-MS system. n = 8 for the wild type and atr2-2, and n = 7 for atr2-1. Ultra-HPLC-MS analysis was performed as described by Vanholme et al. (2013c) .
Metabolomic Data Processing
From the resulting chromatograms, 1,067 deisotoped peaks (compound ions) were integrated and aligned via Progenesis QI, each compound ion having an m/z and a retention time. Statistics (ANOVA with posthoc Student's t test) and principal component analysis (Pareto scaling, with all 1,067 peaks included) was performed in Progenesis QI extension EZinfo. Statistical analyses were performed on arcsinh-transformed ion intensities. The following thresholds for significance were used: P value for ANOVA , 0.01, and differentially significant P , 0.01 in both atr2-1 and atr2-2.
Saccharification
Saccharification was performed according to Van Acker et al. (2013) . For alkali pretreatment, 1 mL of NaOH (0.25%, w/v) was added to the dry CWR, and the samples were shaken at 70°C for 3 h. After centrifugation, the pellet was washed three times with ultrapure water, followed by an overnight extraction with 1 mL of 70% ethanol at 55°C and shaking at 750 rpm. After centrifugation, the pellet was washed an additional three times with 1 mL of 70% ethanol and once with 1 mL of acetone.
Lignin Amount via Acetyl Bromide
The determination of the lignin amount was done for eight biological replicates according to Van Acker et al. (2013) .
Cellulose Amount
Cellulose was measured on 3 mg of dry stems with sulfuric acid and anthrone in accordance with Foster et al. (2010) . Briefly, hemicellulose was removed by adding 1 mL of 2 M trifluoroacetic acid and followed by incubation for 1 h at 99°C while shaking at 750 rpm. After centrifugation at 10,000 rpm, the pellet was washed three times with 0.5 mL of water and twice with 0.5 mL of acetone before being dried and weighed. Next, 1 mL of Updegraff reagent was added to the pellet followed by incubation at 100°C for 30 min. After centrifugation at 10,000 rpm for 15 min, the supernatant was discarded. The pellet was washed three times with 1 mL of acetone. The pellet was left to air dry overnight, and the next day, 175 mL of 72% (v/v) H 2 SO 4 was added. The samples were incubated for 30 min at room temperature, whereupon the samples were vortexed with an additional incubation time of 15 min at room temperature. A total of 825 mL of water was added, and the samples were vortexed again. The samples were centrifuged at 10,000 rpm for 10 min. Ten microliters was diluted with 90 mL of water on a 96-well plate. To each sample, 200 mL of freshly prepared anthrone reagent (2 mg anthrone mL 21 pure H 2 SO 4 ) was added. After incubation at 80°C for 30 min, the samples were cooled on the bench and the absorption was measured at 625 nm.
Lignin Composition via Thioacidolysis
This was performed in accordance with Robinson and Mansfield (2009) .
NMR Sample Preparation
The gel samples of whole-plant cell walls for NMR experiments were prepared as described previously (Kim and Ralph, 2010) . The dried Arabidopsis stems were preground for 1 min in a Retsch MM400 mixer mill at 30 Hz using zirconium dioxide (ZrO 2 ) vessels (10 mL) containing ZrO 2 ball bearings (2 3 10 mm). The preground cell walls were extracted with distilled water (ultrasonication, 1 h, three times) and 80% ethanol (ultrasonication, 1 h, three times). Isolated cell walls were dried and ball milled using a Retsch PM100 planetary ball mill at 600 rpm using ZrO 2 vessels (50 mL) containing ZrO 2 ball bearings (10 3 10 mm). Each sample (100 mg) was ground for 25 min (interval, 5 min; break, 5 min). The cell walls were collected directly in the NMR tubes and formed gels in DMSO-d 6 :pyridine-d 5 (4:1).
NMR Experiments
NMR experiments on the whole-plant cell wall gel samples were performed as described previously (Kim et al., 2008; Kim and Ralph, 2010) . NMR spectra were acquired on a Bruker Biospin Avance 500-MHz spectrometer fitted with a cryogenically cooled 5-mm TCI (for triple resonance cryoprobe optimized for 1 H and 13 C observation) gradient probe with inverse geometry (proton coils closest to the sample). The central DMSO solvent peak was used as an internal reference (d C 39.5 ppm, d H 2.49 ppm). The 13 C-1 H correlation experiment was an adiabatic HSQC experiment (Bruker standard pulse sequence hsqcetgpsisp.2; phase-sensitive gradient-edited two-dimensional HSQC using adiabatic pulses for inversion and refocusing; Kup ce and Freeman, 2007) . HSQC experiments were carried out using the following parameters: acquired from 10 to 0 ppm in F2 ( 1 H) with 1,000 data points (acquisition time, 100 ms) and from 200 to 0 ppm in F1 ( 13 C) with 400 increments (F1 acquisition time, 8 ms) of 72 scans with a 500-ms interscan delay; the d 24 (for maximum duration of the chemical shift selective filter with constant time) delay was set to 0.89 ms (1/8J, J: 145 Hz). The total acquisition time was 5 h. Processing used typical matched Gaussian apodization in F2 and squared cosine-bell and one level of linear prediction (32 coefficients) in F1. Volume integration of contours in HSQC plots from data that were not linear predicted used Bruker's TopSpin 3.1 software.
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